Aerosol deposition (AD) is a solid-state deposition technology that has been developed to fabricate ceramic coatings nominally at room temperature. Sub-micron ceramic particles accelerated by pressurized gas impact, deform, and consolidate on substrates under vacuum. Ceramic particle consolidation in AD coatings is highly dependent on particle deformation and bonding; these behaviors are not well understood. In this work, atomistic simulations and in situ micro-compressions in the scanning electron microscope, and the transmission electron microscope (TEM) were utilized to investigate fundamental mechanisms responsible for plastic deformation/fracture of particles under applied compression. Results showed that highly defective micron-sized alumina particles, initially containing numerous dislocations or a grain boundary, exhibited no observable shape change before fracture/fragmentation. Simulations and experimental results indicated that particles containing a grain boundary only accommodate low strain energy per unit volume before crack nucleation and propagation. In contrast, nearly defect-free, submicron, single crystal alumina particles exhibited plastic deformation and fracture without fragmentation. Dislocation nucleation/motion, significant plastic deformation, and shape change were observed. Simulation and TEM in situ micro-compression results indicated that nearly defect-free particles accommodate high strain energy per unit volume associated with dislocation plasticity before fracture. The identified deformation mechanisms provide insight into feedstock design for AD.
Introduction
Aerosol deposition (AD) is a room temperature (RT) deposition process that can be used to fabricate ceramic coatings in solid-state. Sub-micron ceramic particles are accelerated to high velocity (200-600 m/s) by pressurized gas at RT under low vacuum (Ref [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , and, the particles are impacted, deformed, and consolidated on a substrate. This technique enables high deposition rates (10- materials has been reported. Normally, these materials are processed at temperatures above 800°C, limiting integration with metals, plastics, or glasses. Room temperature ceramic deposition enables multi-materials fabrication and integration, although underlying mechanisms are not well understood. Understanding particle deformation and particle-particle bonding in the AD process requires knowledge of the fundamental deformation mechanisms in sub-micron ceramic particles.
Computational simulations have been used to gain insights into particle-bonding mechanisms. The common findings were that during impact, the particles experience high pressure and temperature rise at the particle/substrate interface while they plastically deform and fracture into small crystallites (20-75 nm) . Additionally, Park et al. found that particles experience shock-in-duced amorphization (Ref 12) , as has been reported elsewhere for ceramics in literature .
In the AD process, sub-micron particles undergo compression, plastic deformation, and fracture during impact with the substrate or the pre-deposited layer of coating. Although different in compression rate and geometry, ex situ and in situ compression experiments have been used to understand how ceramic particles deform in relevance to AD. Akedo and Ogiso (Ref 1) used modified tips in an atomic force microscope to compress 5.0 and 0.5 lm a-Al 2 O 3 particles. They showed the 5.0 lm particles fractured, which would cause coating erosion, whereas 0.5 lm particles plastically deformed, which would facilitate coating consolidation. Consequently, sub-micron particle size is important for successful AD of ceramics. It also appears that some common mechanisms for particle deformation/bonding for different ceramics exist. In this work, RT deformation of individual sapphire (a-Al 2 O 3 ) particles was examined computationally and experimentally as a model system for understanding the complex dynamics associated with in vacuo RT deposition conditions associated with AD.
Pre-existing defects of various types (e.g., mobile dislocations, stacking faults, twins, grain boundaries, cracks, etc.) lead to the diverse deformation behaviors observed in compressed materials with high degrees of ionic or covalent bonding, and are especially important with decreasing size (e.g., micro-pillars and particles) (Ref [21] [22] [23] [24] [25] [26] [27] [28] . Montagne et al. (Ref 21) performed RT micro-pillar compression experiments on different orientations of aAl 2 O 3 single crystals. The observed deformation behaviors of the pillars fit consistently into two categories-(1) pillars initially containing no defects exhibited consistent and high uniaxial stress at the load drop and visible slip planes or (2) pillars initially containing surface defects (induced by sample preparation via ion beam milling) exhibited inconsistent and lower uniaxial stress at the load drop and cracks. For ceramic particles, numbers of preexisting defects are likely correlated with size, given that the distribution of defects is statistical. We hypothesized the following deformation mechanisms for differently sized ceramic particles in compression:
(1) in nanoscale (tens of nm diameter) ceramic particles (without pre-existing defects or dislocations), deformation is governed by plasticity, and can accommodate a higher strain energy (SE) per unit volume associated with dislocation nucleation and slip; (2) in large (several micron diameter and above) ceramic particles (with many initial flaws and defects, including high numbers of immobile dislocations), deformation is governed by fracture, and can accommodate a lower SE per unit volume before crack initiation and propagation; (3) in small (hundreds of nm diameter) particles, (with some initial immobile dislocations), deformation is governed by a combination of fracture and plasticity. This leads to more experimental scatter where particles can accommodate intermediate SE per unit volume before dislocation nucleation and slip, preceding crack nucleation and propagation.
Here we use a combination of methods to elucidate the mechanisms responsible for the observed size-dependent deformation behavior in nano, sub-micron, and micronsized a-Al 2 O 3 particles under compression. Atomistic simulations were used to test hypothesis (1), while in situ particle micro-compression in a scanning electron microscope (SEM) and in a transmission electron microscope (TEM) was used to test hypotheses (2) and (3).
Procedure

Atomistic Simulations
Molecular dynamics (MD) allows identification of dislocations, slip planes, and particle fracture. In this study, a force-field (FF) for ceramics developed by Garofalini Computational limitations restricted our MD simulations to particle diameters <50 nm (~36 million atoms). To circumvent this size limitation, we used the hypothesis that ÔsmallerÕ particles (<1 lm) are nearly defect-free, and ÔlargerÕ particles (>1 lm) contain initial immobile dislocations or a grain boundary (GB). We simulated two similarly sized 10 nm (~300,000 atoms) nanoparticles (NPs) that were either a single crystal or a bicrystal. We postulated that, in compression, the single crystal NP will accommodate higher SE and show dislocation plasticity, whereas the bicrystal NP, will accommodate lower SE and fracture. This approach enables us to study NP response to compression in computationally feasible systems.
Spherical NPs were created from an initial bulk single crystal a-Al 2 O 3 with the basal plane {0001} oriented perpendicular to the compression direction. The single crystal NP was created by removing all atoms that did not lie within a 5 nm prescribed radius from the NP center. The bicrystal NP was created by duplicating the single crystal NP and given a known rotation along the three Euler angles (Bunge convention). The initial and rotated NPs were both cut in half along the XZ-plane and joined at the center. The NPs were energy minimized at 0 K, followed by equilibration at RT for 1 ns. Both the single crystal and bicrystal NPs were compressed between two single crystal a-Al 2 O 3 walls at a constant velocity of 20 m/s. Particles were compressed by~1/3 of the initial particle diameter, and potential energy, force, and stress as a function of separation were calculated.
Particle Characterization and Compression
High purity a-Al 2 O 3 particles with nominal sizes of 3.0 and 0.3 lm were obtained from Sumitomo Chemical Co., LTD. The electron transparent 0.3 lm Al 2 O 3 particles were dispersed directly onto a carbon-coated copper TEM grid. The 3.0 lm particles were cross sectioned using the focused ion beam (FIB) and prepared for subsequent in situ lift-out for TEM imaging. Microscopy was performed on both sets of the particles with an FEI Tecnai F30-ST TEM/STEM operated at 300 kV. A combination of bright and dark-field TEM/STEM and selected area diffraction were used to investigate defects in the particles.
Micro-compression in the SEM was performed on both the 3.0 and 0.3 lm particles. The particles were suspended in ethanol and drop cast onto {0001} sapphire substrates. The compression axis was perpendicular to the {0001} sapphire substrate surface, whereas the imaging axis was at 86°relative to the compression axis so that the indentation process could be observed in situ. The Zeiss Supra 55VP field emission gun SEM was operated at 5.0 kV. All particle loadings were performed using a Hysitron PI85 SEM Picoindenter (Ref 31) in displacement control mode. A 3.0 lm diameter boron-doped diamond flat punch tip at a nominal 15 nm/ s was used to compress the 0.3 lm particles, whereas a 6 lm diameter flat punch tip at a nominal 150 nm/s was used to compress the 3.0 lm particles (see Table 1 for actual values).* Compression rate (calculated as the displacement rate divided by the initial particle diameter) of 0.05 and 0.005 s À1 was used for the small and large particles, respectively.
Micro-compression in the TEM was performed only on the electron transparent 0.3 lm particles. All TEM compression testing used an in situ Hysitron PI95 TEM Picoindenter with a 1 lm diameter boron-doped diamond flat punch tip, and was performed in a JEOL 2100 LaB 6 TEM (Ref 32) at 200 kV and imaged in bright-field mode. Compression was performed in open-loop mode with a loading rate of 10 lN/s (corresponding to a displacement rate of~2 nm/s and compression rates of~0.007 s À1 ). Small particle response was observed in situ. (Fig. 1b) on rhombohedral planesf1 102g (Fig. 1c) . With further compression, secondary dislocations (appeared as parallel lines oriented perpendicular to the primary dislocations in Fig. 1d ), also nucleated from the Al 2 O 3 wall/NP contact points, moved inward from the particle surface and terminating at the primary dislocations. Note that the rhombohedral plane was one of the reported common slip planes in Al 2 O 3 (Ref [33] [34] [35] [36] [37] . Finally, void nucleation occurred and the NP fractured** then separated into segments ( Fig. 1e and f) . For the bicrystal NP, at the Al 2 O 3 wall/NP contact points, atoms from the left and right halves of the NP moved into the GB (Fig. 2b and  c) . With further compression, void nucleation occurred at the GB and the bicrystal NP fractured** ( Fig. 2d and e) . No dislocation nucleation or movement was observed in the bicrystal NP. After both NPs fractured, some areas in the NPs appeared crystalline with different orientations, while others appeared amorphized ( Fig. 1f and 2e) .
Results and Discussion
Molecular Dynamics Simulations
Force versus compression distance was calculated for both NPs and shown in Fig. 3 . For both NPs, force increased with increasing compression distance, reached a peak value, and then dropped. The large force drop for our simulated compressed single crystal NP appeared similar to those reported in micro-compression experiments, when the small compressed volume cracked. The peak force in the single crystal NP is substantially higher than that of the bicrystal NP, and the absorbed SE (calculated by integrating the force versus displacement curve up to the peak value, marked ÔXÕ in Fig. 3 ) is higher for the single crystal NP by a factor of 2.9. Calculated compression ratio (particle initial height divided by final height) prior to the force drop is also higher for the single crystal NP by a factor of 1.5. The high SE is associated with dislocation plasticity-mobile dislocation nucleation and movement-in the initially defect-free, single crystal NP. From this result, it is clear that mobile dislocations are needed to initiate plastic deformation prior to fracture. In contrast, an immobile defect-a GB-can act as a void nucleation site, providing no dislocation plasticity prior to particle fracture.
Pre-existing Defects in Particles
TEM observations confirmed that the as-received 3.0 lm particles contained many defects (Fig. 4) . Figure 4 (a) shows a 3.0 lm particle that is relatively dislocation-free but contains a low-angle GB (lower part of grain) as an immobile defect. Figure 4 (b) shows a weak-beam dark-field image of another 3.0 lm Al 2 O 3 particle with numerous dislocations and stacking faults. In contrast, the 0.3 lm particles were largely defect-free but still contained some amount of pre-existing dislocations (Fig. 5) . Numbers of dislocations vary from particle to particle. Figure 5 (a) shows a 0.3 lm particle that is *It is believed that the order of magnitude difference in compression rate is not large enough to introduce substantial effects. Experimental measurements from large particle #1 (LP1), subjected to the higher compression rate of 0.03 s -1 were in-line with values from other large particles. **Here we use the term ''fracture'' in a general sense. It is unclear whether the observed event was truly fracture (i.e., no atomic bonds) as opposed to amorphization or crystallographic rotation in the center of the particles. Analysis showed the stress parallel to the compression axis at the center of both NPs decreased shortly after void nucleation, suggesting that subsequent fracture may have occurred and relieved the stress. relatively dislocation-free, whereas Fig. 5(b) shows two 0.3 lm alumina particles sharing a sintered GB with both grains containing dislocation loops (arrows). Preexisting defects including dislocations in the particles were likely immobile and introduced during particle precipitation. We believe the presence of defects and numbers of dislocations highly influence particle responses during compression at these small length scales.
Particle Responses to Compressive Loading
Particle compression in the SEM revealed that the 3.0 lm ''large'' diameter particles, which contained higher numbers of pre-existing dislocations or GBs (recall Fig. 4) , exhibited brittle fracture and fragmentation (Fig. 6a and   b) . Conversely, the 0.3 lm diameter ''small'' particles, which contained very few pre-existing dislocations (recall Fig. 5) , exhibited a range of responses to compression, including significant plastic deformation, shape change, orientation spread (mosaicity), and cracking without fragmentation ( Fig. 6c and f) . Figure 6 (f) shows a ÔflattenedÕ particle that appeared similar to ÔsplatsÕ typically seen in thermal or cold-sprayed coatings. Coincidentally, this particle was accidentally loaded at a much higher compression rate (estimated near 4 s À1 ) after it had been loaded quasistatically. The load versus displacement curves as well as images taken before and after compression for four large (3.0 lm) particles (designated as ''LPÕs'') are shown in Fig. 7 (See an example compression video in the supplementary material #3 for particle LP5) and those for four small (0.3 lm) particles (designated as ''SMÕs'') are shown in Fig. 8 (See an example compression video in the supplementary material #4 for particle SP5). For each particle, the load initially increased rapidly with increasing displacement. It was difficult to determine the exact transition from elastic regime to plastic regime. Initial load versus displacement curves for large particles (Fig. 7 ) are nearly linear with smooth slopes; conversely, load versus displacement for small particles (Fig. 8 ) appeared wavy with many small perturbations (i.e., pronounced displacement gain with low increase in load). These perturbations were not observed in the load versus displacement curves for large particles, even when they were plotted on a similar scale. These small displacement bursts in compressed small particles suggested dislocation avalanches. At some critical load, both small and large particle load versus displacement curves exhibited a large displacement burst (i.e., a large displacement gain at a relatively constant load) when the particle frac- Fig. 3 Force vs. displacement (Angstrom) for the 10 nm diameter NPs-a single crystalline NP with no defects (solid curve) and the bicrystal NP with a grain boundary as an immobile defect (dashed curve). The ''X'' on each curve marks the fracture point Fig. 4 (a) Bright-field TEM image from a largely dislocation-free as-received 3.0 lm Al 2 O 3 particle, LP-A, containing a low-angle grain boundary as an immobile defect. Note the grain boundary separated the light region and the dark region in the lower part of the particle; (b) A weak-beam dark-field TEM image of a different 3.0 lm particle, LP-B, that is single-crystalline but contains many dislocations and stacking faults tured/collapsed. Finally, the load dropped due to retraction of the tip as the control system recovered.
The particle size, compression rate, and corresponding volumetric strain energy density (VSED), areal strain energy density (ASED), as well as compression ratio at fracture, of all particles are summarized in Table 1 . The apparent SE at fracture was estimated by integrating under the load versus displacement curve up to the first fracture event (marked ÔXÕ on all the curves in Fig. 7 and 8 ).
Assuming that each particle is spherical, the VSED is calculated by normalizing the apparent SE at fracture by the particle volume. VSED at fracture represents the accommodated SED associated with dislocation activity throughout the volume. Assuming each particle experienced a through-particle fracture and that two new fracture surfaces were created, the ASED is calculated by normalizing the apparent SE at fracture with twice the particle cross-sectional area. ASED at fracture approximates the materialÕs (i.e., Al 2 O 3 ) resistance to fracture, similar to toughness. The two different SEDÕs measure two distinct phenomena: VSED is a measure of plasticity, dislocation activity, and fracture, which consume energy throughout the material volume; on the other hand, ASED is a measure of fracture toughness because the fracture process involves transferring energy into new fracture surfaces. Finally, the compression ratio at fracture was calculated by normalizing the total displacement with the initial particle diameter.
The VSED at fracture varied due to different amounts of pre-existing (and likely immobile) dislocations or other defects in the particles and different loading orientations. The average VSED at fracture for the small particles was The displacement bursts with apparent constant loads are a result of the control system failing to keep up with the rapidly collapsing particle, although these SEM micro-compression tests were performed in displacement control mode.
630 ± 238 MJ/m 3 -six times higher than that for the large particles, 106 ± 69 MJ/m 3 . It is hypothesized that the higher VSED was associated with dislocation nucleation/movement in the small particles, as predicted by simulation and evidenced by waviness of the load versus displacement curves in Fig. 8 . The significantly higher VSED measured in small particles indicates they can accumulate more plasticity before fracture.
The ASED at fracture was found to be relatively independent of particle size. The ASED values reported in Table 1 (28-196 SEM images before and after compression of 3.0 and 0.3 lm Al 2 O 3 particles. The 3.0 lm particle, LP2, fragmented into many pieces upon compression. The small 0.3 lm particle, SP3, cracked in compression, but stayed mostly intact; this particle also appeared to change shape slightly. The small 0.3 lm particle, SP1, was loaded with a high force at high compression rate, resulting in substantial plasticity and little apparent fragmentation despite an apparent crack indicated by arrows simultaneously, the resulting ASED values would be even lower than reported in Table 1 and closer to the small particle values and the reported values (Ref 38) . The close agreement in ASED for small and large particles indicates that it is a materials property that is relatively size-independent. It also suggests that the electron beam-induced plasticity phenomenon likely did not occur during our micro-compression experiments.
The average compression ratio at fracture of small particles was 18 ± 9%, over twice that of the large particles, 5.5 ± 1%. Fast fracture/fragmentation of the 3.0 lm large particles was observed in situ during compression in the SEM. Similarly sized particles were reported not to consolidate in AD process (Ref 1), suggesting a lack of particle plasticity and bonding. The kinetic energy density for small and large particles traveling at 200-600 m/s during AD process is estimated to be 79-711 MJ/m 3 . Assuming very little kinetic energy is converted to heat, as most kinetic energy is converted to SE absorbed during impact, we suspect that large particles traveling at >233 m/s would fracture. In contrast, small particles traveling at <565 m/s would accommodate high enough Fig. 7 Load vs. displacement curves using a Hysitron PI85 SEM Picoindenter in the displacement control mode, as well as SEM images before and after loading for four 3.0 lm particles (LP1, LP2, LP4, and LP5). The ''X'' on each curve marks the first fracture event for each particle. See an example compression video in the supplementary material #3 for particle LP5 Fig. 8 Load vs. displacement curves using a Hysitron PI85 SEM Picoindenter in the displacement control mode and SEM images before and after loading for four 0.3 lm particles (SP2-SP5). Waviness in the curve is associated with dislocation avalanche. The ''X'' on each curve marks the first fracture event for each particle. See an example compression video in the supplementary material #4 for particle SP5 SE associated with dislocation plasticity (without fracture), providing consolidation. Accordingly, one would hypothesize that small particles traveling at >565 m/s would fracture during impact, likely resulting in poor coating consolidation.
Detailed examination of small (0.3 lm) particles under compression in the TEM showed that pre-existing dislocations appeared immobile and did not participate in the plastic deformation process. Instead, nucleated dislocations that are mobile and present in high quantity contribute to the observed particle significant plasticity and shape change. Thus both simulation and experiments verified that high VSEDÕs were associated with dislocation nucleation/movement to initiate plastic deformation and shape change. An example is demonstrated in Fig. 9 and video in the supplementary material #5. Compression of a near defect-free, single crystal particle showed parallel dislocations rapidly nucleated from the tip/particle interface and moved through the particle, followed by a through-particle fracture. Parallel dislocation lines observed in compression experiment were remarkably similar to those observed in the simulated compressed single crystal NP. Another compressed particle (TEM-SP1) showed similar parallel dislocations with the addition of orientation spread, where the particle separated into many small crystallites. Diffraction patterns, collected from the deformed TEM-SP1 particle after compression, showed orientations of the small crystallites span over a 20°r otation from its initial single crystal grain orientation. Note, AD ceramic films in literature, including Al 2 O 3 , BaTiO 3 , and PZT, appear to possess similar microstructural characteristics, where deformed particles contain small (20-75 nm) crystallites (Ref 5) . In this work, amorphous regions were not observed in the experimentally deformed particles due to low compression rate. We believe our compression rate and relatively low energy density input during micro-compression were not sufficient to trigger the shock-induced amorphization observed in AD ceramic coatings (high strain rate and impact energy) by Park et al. (Ref 12) . Nonetheless, we have sufficient evidence from this work that mobile dislocations provide plasticity in small particles and play a key role in their deformation. Pre-straining the small particles by ball milling would introduce mobile dislocations. These prestrained particles would only need to accommodate additional low VSED, i.e., travel at lower velocity, to plastically deform and consolidate. This may explain why literature reported ball milling could improve deposition efficiency during AD process (Ref 8).
Deformation Mechanisms of Single Crystal Alpha-Alumina Particles Under Compression
It is important to note several major differences between simulation and experiments. Simulations were performed at a high displacement rate of 20 m/s on very small (10 nm) Al 2 O 3 NPs (compression ratẽ 2 9 10 9 s
À1
). In contrast, experimental in situ microcompression in the SEM and the TEM were performed on realistic 3.0 and 0.3 lm, Al 2 O 3 particles at much lower displacement rates (~nm/s). Despite these differences, simulation and experimental results supported the proposed deformation mechanisms for compressed differently sized ceramic particles and suggested deformable submicron particles are building blocks of AD ceramic films.
Both the simulation and micro-compression results agree qualitatively. They show that compressed initially, relatively defect-free (ÔsmallÕ) particles undergo significant plastic deformation/shape change prior to fracture, whereas highly defective (ÔlargeÕ) particles undergo fast fracture and fragmentation. Experiments showed the average compression ratio before fracture of the small particles was three times that of the large particles. Similarly, simulation showed the compression ratio before fracture of the defect-free single crystal NP was 1.5 times that of the bicrystal NP. Additionally, both results show that higher VSED are associated with dislocation nucleation/motion (plastic deformation) of small ceramic particles that were initially relatively defect-free. In contrast, particles with an initial GB as an immobile defect built up less VSED before fracture. Specifically, experimental results showed the average VSED before fracture for the small particles was six times that of the large particles. Likewise, simulation results showed the average absorbed energy prior to fracture for the defect-free NP was three times that of the bicrystal NP. Moreover, both the simulation and in situ TEM micro-compression results showed dislocation nucleation/motion and separation into small crystallites. The VSED ratio of 6, between small and large particles, from experiments (rather than 2.9 from simulations) is likely due to displacement rate effect (nm/s versus m/s) and having a single defect in bicrystal simulations as opposed to multiple defects in the experimental large particles. Presence of stress concentrators (facets/cracks) also contributed to the compression ratio being much smaller in the experiment particles than in the perfectly spherical simulated NPs.
Several implications in regard to AD emerged from this work. First, plastic deformation, shape change, orientation spread (mosaicity), and fracture without fragmentation are possible in compressed sub-micron-sized ceramic particles. These mechanisms contribute to coating buildup in AD. Sub-micron-sized ceramic particles are capable of RT plastic deformation at low compression rate (as shown in this work) and high compression rate reported in the literature (Ref 5) . Second, the use of sub-micron-sized particles that contain pre-existing mobile dislocations (as opposed to dislocation-free particles or particles with immobile dislocations) will accommodate additional low VSED (corresponding to lower particle velocity in AD) with further deformation and will likely lead to higher deposition efficiency in AD. This is due to a lower VSED associated with moving the pre-existing mobile dislocations (as opposed to nucleating new dislocations) during the plastic deformation process. Pre-existing mobile dislocations could be introduced into particles via feedstock ball milling. Future work that further explores the effects of particle size, presence of mobile dislocations, crystal orientation, and strain rate on the observed particle deformation behavior, would provide valuable insights. Third, particles even smaller than 0.3 lm would be expected to also be relatively defect-free and able to deform plastically; however, their smaller size would mean lower impact energy in AD (due to lower mass). Consequently, AD of ceramics involves a compromise between plastic deformation, particle size, and impact energy.
Summary
Pre-existing defects play an important role in the deformation behavior of nano-, sub-micron, and micronsized alumina particles in compression. Atomistic simulations of defect-free alumina nanoparticles showed that nucleation/movement of mobile dislocations occurred during compression and was accompanied by significant plastic deformation. This finding supports the idea of plasticity-governed deformation, in which nucleation/glide of dislocations control deformation of small particles. Simulated compression of a nanoparticle with an internal boundary as a pre-existing immobile defect did not result in dislocation plasticity. The findings from atomistic simulations are in good qualitative agreement with those from in situ micro-compression experiments. Relatively defectfree sub-micron alumina particles can accommodate high volumetric strain energy density associated with dislocation nucleation/motion (significant plastic deformation and shape change) when loaded in compression. These particles fractured but did not fragment. Micron-sized alumina particles, typically with large numbers of defects or a grain boundary only accommodated low volumetric strain energy density before fracture and fragmentation when loaded in compression. Implication from this work gave insights into particle size selection for aerosol deposition and mechanisms behind ball milling to increase the efficiency of room temperature consolidation in aerosol-deposited ceramic films.
